Abstract Positive and negative interactions can occur simultaneously between plant species. According to the stress gradient hypothesis (SGH), species interactions shift towards more facilitative interactions or reductions in competition with increasing stress, whereas debate continues over whether evolutionary history influences the strength of species interactions. However, few studies have investigated the effects of phylogenetic relatedness (i.e., the sum of branch lengths separating species on a phylogeny) on the outcomes of interspecific interactions across stress levels. Therefore, we conducted a Bayesian meta-analysis on data collected from publications on plant interactions within coastal ecosystems in order to investigate the effects of phylogenetic relatedness on interspecific interactions across different stress levels. These analyses showed the effect sizes of species interactions on survival and growth to increase with stress increment, supporting the SGH in coastal ecosystems. However, phylogenetic relatedness did not lead to these differences of interspecific interactions between low and high stress. We found that species interactions affecting plant survival were not significantly influenced by phylogenetic relatedness; however, when evolutionary relationships of target and neighbor species were more phylogenetically distant, their interactions were more likely to facilitate growth of target species. Furthermore, the effect of the interaction between phylogenetic distance and stress on species interactions was negative. This suggests the observed net effects of phylogenetically distant neighbor species on target species were not due to true facilitation but reductions in competition when moving from low stress to high stress environments. According to these results, phylogenetic relatedness should be considered in choosing species for restoration of coastal ecosystem plant communities. Specifically, increasing the phylogenetic breadth of the assemblage is more likely to include species that have evolved to reduce stress on surrounding species through modification of the environment.
Introduction
Evolutionary information is increasingly applied to ecological questions. The relationship between evolution and ecology was initially introduced by Darwin, who argued that closely related species tend to be more ecologically similar (Darwin 1859) . Thus, he presumed that competition intensity is likely to be greater between closely related species than between distantly related species, whereas species facilitation tends to occur more strongly between distantly than closely related species. This theory has recently been termed the phylogenetic limiting similarity hypothesis (PLSH) (Burns and Strauss 2011; Castillo et al. 2010; Soliveres et al. 2012; Verdu et al. 2009; Violle et al. 2011 ). This hypothesis is frequently applied to explain patterns of community assembly and ecosystem
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functioning (Maherali and Klironomos 2007; Valiente-Banuet et al. 2006; Webb 2000) .
However, the PLSH has received much criticism because of misleading results from studies that do not actually quantify competition but assume proximal coexistence of species is evidence of the absence of competition. Other studies have shown that alternative processes, such as environmental filtering, can produce the same patterns as predicted through the PLSH but in the absence of competition (Mayfield and Levine 2010) . These criticisms suggest observational studies are inappropriate for deriving mechanistic explanations, and studies that manipulate assemblages and directly measure competition and phylogenetic relationships are required.
A meta-analysis of competitive interactions among vascular plants found a non-significant relationship between strength of interspecific competition and phylogenetic relatedness (Cahill et al. 2008) . On the other hand, another metaanalysis that related interspecific competition to phylogenetic and phenotypic characteristics found that increasing phylogenetic distance and life form disparity between nurse (i.e., neighbor) and target plants could promote successful nursebased restoration (Verdu et al. 2012) . Furthermore, Violle et al. (2011) provided strong empirical evidence supporting the PLSH, by showing that interspecific interactions are more confidently predicted through phylogenetic relatedness than functional traits. The lack of consensus on the PLSH illustrated by the above studies has limited the number of studies to investigate phylogenetic relatedness among species as a mechanism influencing community assembly and ecosystem functioning.
More than 1/3 of the world's population resides within coastal areas, which make up only 4 % of the earth's surface. This high density of human activity has disrupted a wide range of coastal ecosystems, such as salt marshes, mangroves, and coastal beaches. Because plant communities are crucial and fundamental in their functions as primary producers and animal habitat providers, restoration of plant communities within these altered coastal ecosystems has become an urgent issue (Gedan et al. 2009 ). An improved understanding of the influence of phylogenetic relatedness on species interactions can inform the choice of neighbor species that will enhance survival and growth of target species during coastal ecosystem restoration and revitalization planning. Moreover, both positive and negative interactions are prevalent in coastal ecosystems (Zhang and Shao 2013) . And all coastal ecosystems share common stresses, for example, salinity, flood, and nutrient stress, as well as stress due to the physical forces of sea waves, making coastal ecosystems ideal for investigating the relationships between stress and species interactions.
The stress gradient hypothesis (SGH) predicts that the frequency of facilitative and competitive interactions between species will vary inversely to each other across abiotic or biotic stress gradients (Bertness and Callaway 1994) . This hypothesis has been confirmed across various ecosystems (Lortie and Callaway 2006; Maestre et al. 2005) . For example, He et al. (2013) supported this hypothesis at a global scale with data collected from a range of ecosystems. However, to the best of our knowledge, few studies have attempted to integrate the PLSH and SGH by analyzing and comparing effects of phylogenetic relatedness on species interactions across a stress gradient. As the functional traits of more phylogenetically distant neighboring plant species are more likely to differ, and some of these distinct functional traits may be useful to alleviate stress, and thus facilitate neighboring target species in high stress environments, we predict that phylogenetic relatedness will affect patterns in species interactions across an environmental stress gradient.
Facilitation and competition between species occur simultaneously, with potential net effects (i.e., the net effect = competition + facilitation) being competition, facilitation, or neutral (Bruno et al. 2003) . Predictions based on the SGH are commonly in terms of the net effect. Increases in the net effect with increasing environmental stress may be caused by true facilitation from or reduced competition with neighbor species. Assessment of the interaction between phylogenetic distance and stress influencing species interactions can be used to discriminate between effects of true facilitation and reduced competition on the net effects when moving from low stress to high stress environments. A positive effect of this interaction suggests phylogenetic distance truly facilitates target species, because the negative effect of stress is less than the positive effect of facilitation. Alternatively, if the effect of the interaction between phylogenetic distance and stress is negative, the effect of phylogenetic distance is to simply reduce competition because the negative effect of stress is still more negative than the positive effect of reduced competition.
In this paper, we performed a Bayesian meta-analysis on plant interspecific interaction data collected within coastal ecosystems, in order to address the following scientific questions: (i) Does phylogenetic relatedness influence plant interspecific interactions in coastal ecosystems? (ii) How do the relationships between phylogenetic relatedness and interspecific interactions vary along the stress gradient? Do neighbor species truly facilitate target species or simply reduce competition when moving from low stress to high stress environments?
Methods

Data Collection
We collected data from publications that explicitly explored interspecific interactions among plants within coastal ecosystems. This data was then combined with another coastal ecosystem data subset compiled by He et al. (2013) . We used the following combinations of terms to search for relevant publications through Web of Science (1980 Science ( -2012 : (a) "coastal," "coastal zone," "cobble beach," "coastal shore," "salt marsh," "coastal estuarine marsh," "marine," "mangrove," and "shallow sea"; (b) "competition," "facilitation," "positive interaction," "negative interaction," and "interference"; (c) "salinity," "flooding," "nutrient," "wind," "herbivore," "waterlogging," "abiotic stress," "biotic stress," and "insect"; and (d) "plant," "algae," "phytoplankton," "seagrass," "forb," "herb," "shrub, " "tree," "sedge," "seaweed," "kelp," and "cactus." We included only studies that met the following criteria: (i) the studied ecosystems were within a coastal zone; (ii) the experimental design of the study was suitable and the data was extractable; (iii) the neighbor and target plants were of different species; and (iv) for data testing the SGH, the same species pairs were investigated at different stress levels and the stress gradient length index was larger than or equaled 0.1. The stress gradient length index was calculated as:
where l sg is the stress gradient length, P L is the target species' performance without neighbors at low stress, and P H is the target species' performance without neighbors at high stress (He et al. 2013) .
From all studies acquired using the Web of Science search term combinations that satisfied the above criteria, we extracted the following information: the ecosystem types, the target and neighbor species identities, the performance (survival or growth) of the target and neighbor species (including mean, SE, and n), and the stress levels. Survival performance in the dataset was measured as proportion of the initial count of individuals remaining at the end of the experiment, and growth performance was measured as gains in above ground biomass/total biomass, height, cover, fresh/dry weight, number of leaves or plant mass, etc. throughout the experimental period.
The whole dataset was divided into four data subsets: "stress gradient survival (SGS)," "no stress gradient survival (NSGS)," "stress gradient growth (SGG)," and "no stress gradient growth (NSGG)." Specifically, the SGS data subset was made up of data from all publications used survival as a measurement of plant performance across a stress gradient with a stress gradient length index of 0.1 or greater. The NSGS data subset included data from publications that used survival as the plant performance measurement. The SGG and NSGG data subsets both included data from publications that used plant growth as a measurement of performance, but the SGG subset data was collected in experiments that performed measurements across a stress gradient.
The phylogenetic tree of seed plants (including neighbor and target species) involved in the analysis was constructed using Phylomatic (Webb and Donoghue 2005) . In this program, the family names of species included in this study were matched with a megatree, which was based on the Angiosperm Phylogeny Group III system (Bremer et al. 2009 ), and then used to form the phylogenetic tree. The bladj algorithm was used to date the nodes of the phylogenetic tree based on the ages from the Wikstrom et al. database (Wikstrom et al. 2001 ) using the Phylocom software (Webb et al. 2008 ) (Supplementary material S1). For non-vascular plants, we estimated phylogenetic distance between target and neighbor species using the online TimeTree application (Hedges et al. 2006; Verdu et al. 2012) . We also calculated the delta stress effect score, which is the difference between the effect size of low and high stress levels on growth or survival (i.e., the effect size under high stress − the effect size under low stress), and the stress variance score, which was the sum of the variances of growth or survival measurements at high and low stress (Borenstein et al. 2009; He et al. 2013 ).
Meta-Analysis
The effect size refers to the magnitude of the neighbor species' effect on survival or growth of target species. For survival data, the effect sizes of interspecific interactions were calculated using the log odds ratio, whereas the effect sizes of interspecific interactions for growth data were computed as the Hedges' g* effect size (Borenstein et al. 2009 ). Specifically, the log odds ratio was calculated as the natural log of the ratio of the odds of survival in the treatment (with neighbors) to the odds of survival in the control (without neighbors). Hedge's g* effect size is the standardized mean difference between the treatment and the control. Positive and negative values of both log odds ratio and Hedges' g* effect size indicate species facilitation and competition, respectively.
To evaluate publication bias within the final data compilation, we calculated the Rosenthal's fail-safe number (Borenstein et al. 2009 ), which is the number of studies required to nullify the mean effect size (i.e., log odds ratio for survival or Hedges' g* effect size for growth). And we also produced funnel plots to visualize publication bias. If the funnel plot was dissymmetric, we removed extreme values, to adjust the publication bias. We also used Duval and Tweedie's trim and fill approach (Borenstein et al. 2009 ) to assess the influence of publication bias on the effect size. This method produces a data set that takes the form of a symmetrical funnel plot and an unbiased estimate of the effect size. Finally, we compared the effect size in raw data, adjusted data, and trim-and-fill data.
We used generalized linear mixed models to perform Bayesian meta-analyses based on Markov chain Monte Carlo techniques. Three types of models were performed in the analyses. The first type of model tested the SGH by analyzing the effect of stress on effect sizes of interspecific interactions on survival (i.e., log odds ratio for the SGS data subset) or growth (i.e., Hedges' g* effect size for the SGG data subset). The effect sizes were set as dependent variables, stress as a fixed variable, and identities of neighbor and target species as random variables. The variances around these effect sizes were passed to the mev argument of the MCMCglmm package in R (Hadfield and Nakagawa 2010; Verdu et al. 2012 ). Priors were set as V = 1 and nu = 0.002, and we ran 13,000 MCMC iterations for each model. The second type of model was used to test for the influences of stress and phylogenetic distance on the effect sizes of interspecific interactions on survival or growth. In these models, the effect sizes in data subsets SGS and SGG were set as dependent variables. The phylogenetic distance, the interaction between phylogenetic distance and stress, and stress were included as fixed effect variables. Alternatively, the delta stress effect score was set as the dependent variable and phylogenetic distance was used as a fixed effect variable. The third type of model was used to investigate the relationship between phylogenetic distance and effect sizes without considering stress levels. In these models, the effect sizes in data subsets NSGS and NSGG were the dependent variables and phylogenetic distance was a fixed effect variable. The second and third model types also included mev, prior parameters, and random variables as with the first model type.
Publication bias was assessed using the "metafor" package, and the models were fitted by using the "MCMCglmm" package in the statistics software R2.15.3 (Hadfield 2010) .
The 95 % credible interval of the posterior distribution of predictors (stress, phylogenetic distance, and the interaction between phylogenetic distance and stress) and the pMCMC, which is defined as that the probability that the effect of the predictor is larger than zero, were estimated. The 95 % credible interval of the posterior distribution of the neighbor and target species identities which is the proportion of remaining variance of the model explained by neighbor and target species identities also was reported (Verdu et al. 2012) .
Results
Dataset
The dataset applied to statistical models was acquired from a wide range of coastal ecosystems such as salt marshes (133 cases, with each case representing one experiment, including one treatment and one control), coastal estuarine mashes (36 cases), mangroves (14 cases), coastal shores (10 cases), coastal dunes (8 cases), brackish marshes (4 cases), shallow seas (4 cases), cobble beaches (3 cases), and coastal prairies (2 cases) ( Table 1 ). The NSGS data subset came from 13 publications with 49 cases, including 16 different neighbor species and 21 different target species (Table 1) . The NSGG data subset was mined from 45 publications with 223 cases, containing 47 different neighbor species and 59 different target species (Table 1) . The stress gradient length index ranged from 0.13∼1.0 within the SGS data subset and 0.11∼1.60 within the SGG data subset. Phylogenetic distances between neighbor and target species were from 65 to 1300 Myr within all data subsets ( Fig. 1 and  Supplementary material Fig. S1 ).
The funnel plot showed survival data to be symmetrical (Supplementary material Fig. S2a) , and the Rosenthal's fail-safe number was 1845, which was large compared to the number of cases (49) involved in the meta-analysis. For growth data, the Rosenthal's fail-safe number was 64,700, which was also very large compared to the number of cases (223). Because the funnel plot showed growth data to be asymmetrical (Supplementary material Fig. S2b ), we removed seven extreme values with high variances to adjust for publication bias. Then, the adjusted data was trimmed and filled with 41 values to make a symmetrical funnel plot (Supplementary material Fig. S2c ). The mean effect size from the adjusted data was essentially unchanged compared to the mean effect size from the trim-and-fill data (Supplementary material Table S1 ). Thus, although there was some publication bias within the meta-data, the bias did not have a large influence on the trends in the data.
The Test of SGH in Coastal Ecosystems
Results from Tables 2 and 3 show that stress played a significantly negative role on the effect sizes of interspecific interactions on both survival and growth in low to high stress environments. For survival, the posterior mean of the effect sizes was −0.725 (i.e., "intercept" in Table 2 ) within low stress environments, and the posterior mean of the effect sizes was 0.617 (i.e., "intercept" + "stress" in Table 2 ) within low stress environments. For growth, the posterior mean of the effect sizes was −1.348 (i.e., "intercept" in Table 3 ) within low stress environments and −0.223 (i.e., "intercept" + "stress" in Table 3 ) within high stress environments. The posterior mean of the effect sizes under low stress was more negative than that under high stress for growth, and the posterior mean of the effect sizes under high stress was more positive than that under low stress for survival, indicative of positive interspecific interactions. These results suggest that either interspecific competition tended to decrease or facilitation tended to increase at high stress levels, supporting the SGH.
Phylogenetic Relatedness and Interspecific Interactions in Coastal Ecosystems
The model predicting the effects of interspecific interactions on survival of coastal plants included the neighbor and target species identities as random factors but was not significantly improved when phylogenetic distance, stress, and the interaction between phylogenetic distance and stress were included (Table 4) . However, although the interaction between phylogenetic distance and stress was not significant, it tended to have a negative effect on the dependent variable, and the posterior mean was −3.959 ([−8.548, 0.414] 95 % credible interval). Phylogenetic distance also did not significantly influence the effect sizes of interspecific interactions on plant survival with the NSGS data subset (Supplementary material Table S2 ). Additionally, the delta stress effect score was not significantly explained by phylogenetic distance (Table 5) .
For the models predicting effects of interspecific interactions on growth, the phylogenetic distance did significantly positively influence the effect sizes of interspecific interactions on growth (Table 6 and Supplementary  material Table S3 ). However, the interaction between phylogenetic distance and stress did not significantly affect the effects of interspecific interactions on growth, and the posterior mean was −0.641 ([−1.937, 0.672] 95 % credible interval) (Table 6 ). Phylogenetic distance also significantly increased the positive interspecific interactions with the NSGG data subset (Supplementary material Table S3 ). These findings suggest that, with increasing phylogenetic distance between neighbor and target species, the intensity of species facilitation (the net effect) increased because of reductions in competition. The delta stress effect score was negatively but non-significantly influenced by phylogenetic distance (Table 7) , which suggests that phylogenetic relatedness does not contribute to the differences of interspecific interactions between low and high stress.
Discussion Stress Gradient Hypothesis
The results here showed neighbor species to negatively affect growth of target species, regardless of stress levels. However, when performance was assessed as survival, stress levels did affect interspecific interactions, with neighbor species negatively affecting target species survival under low stress and positively affecting survival under high stress. These BSGS^included data collected in studies that assessed plant performance as survival across a significant stress gradient (length of a stress gradient ≥ 0.1); BNSGS^included data collected in studies that assessed plant performance as survival. BSGG^and BNSGG^data subsets both included data from publications that used plant growth as a measurement of performance, but the BSGG^data subset was collected in experiments that performed measurements across a stress gradient Phylogenetic distance (Myr)
Frequency Fig. 1 Frequency distribution of the phylogenetic distances between the neighbor and target species in the data subsets: stress gradient survival (SGS) and stress gradient growth (SGG). Phylogenetic distance is the evolutionary distance between neighbor and target species grounded on the phylogenetic trees or the online TimeTree application. a Survival. b Growth distinctions between the effects of species interactions on growth and survival suggest that species interactions are most likely to be facilitative at the recruitment life stage. GomezAparicio (2009) also showed neighbor species to facilitate target species survival through meta-analysis; however, they found neutral effects on target species growth in terrestrial systems. Discrepancies between the findings of GomezAparicio (2009) and this study may reflect differential effects of interspecific interactions on target species growth among ecosystems, as the Gomez-Aparicio (2009) meta-analysis included few cases from coastal ecosystems. The effect of neighbor species on target species in this study was stress-dependent, with growth and survival results supporting the SGH. Our support of the SGH builds in the similar previous findings of He et al. (2013) with the addition of more coastal ecosystems cases to our datasets. Therefore, here we have confirmed that the SGH can contribute to the overall regulation of plant community assembly in coastal ecosystems. We did not separate the stress types, plant sources (native or non-native), experimental durations, etc. in these models because previous studies have shown that stress type does not affect global scale trends in species interactions along stress gradients (He et al. 2013 ).
There two possible mechanisms driving the SGH: Firstly, interspecific competition may be lessened under high stress, because most species appear to allocate a larger proportion of their energy expenditure and acquired nutrients towards countering the adverse effects of stress than towards the traits that are useful in species competition. Secondly, neighbor species may facilitate target species by ameliorating inhospitable environments. We found that the interaction between phylogenetic relatedness and stress has a negative effect on interspecific interactions for both survival and growth, which suggests neighbor species do not truly facilitate target species, and that positive effects of interspecific interactions on target species performance are due to reduced competition. It seems that species still have to cope with an inhospitable environment, because the negative effect of stress tends to be more negative than the positive effect of reduced competition.
Phylogenetic Relatedness, Interspecific Interactions, and the Stress Gradient
We found that increasing phylogenetic relatedness between species had a significantly positive effect on species interactions assessed through growth but non-significantly negative effect on species interactions assessed through survival in coastal ecosystems. The non-significant relationship 
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Stress was considered a fixed factor; neighbor and target species identities were treated as random factors *p value < 0.05 
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Stress was considered a fixed factor; neighbor and target species identities were treated as random factors *p value < 0.001 assessed through survival may be due to the relatively small sample size of survival data. The significant growth findings support Darwin's assertion that distantly related species tend to have weaker competitive interactions or stronger facilitative interactions than closely related species, which are more ecologically similar. Thus, decreasing phylogenetic relatedness among coastal ecosystem plant species may reflect increasing dissimilarity in phenotypic traits, especially those related to growth. These phenotypic dissimilarities contribute to ecological disparity among species and therefore affect interspecific competitive/facilitative interactions in coastal ecosystems. Key functional traits are undoubtedly the main drivers of species interactions and their subsequent outcomes, but it is difficult to identify the key functional traits to measure across the range of study species; therefore, phylogenetic relatedness is still a good substitute for functional traits to predict the outcome of cross-species interactions in coastal ecosystems. Contrary to our findings, Cahill et al. (2008) found weak relationships between phylogenetic relatedness and strength of competition, and Fritschie et al. (2014) found no evidence to support the phylogenetic limiting similarity hypothesis within a laboratory-based microcosm using freshwater green algae. The differences between the findings of Fritschie et al. (2014) and this study may reflect influences of ecosystems with benign versus harsh environments on interspecific interactions. Though the specific stressors experienced by plant species may differ among coastal ecosystem, a long history of high stress is common to all coastal ecosystems. Due to generations of high stress, some species are more likely to have evolved specialized traits, which, through interspecific interactions, may directly or indirectly help neighbor species to grow better in the harsh environment. Other less harsh ecosystems may not provide the selective pressures creating such specialized traits that influence species interactions (Bertness and Hacker 1994; Callaway and Pennings 2000) . Although some species possess the capacity for high levels of phenotypic plasticity (e.g., tall and short forms of Spartina), and may introduce some noise into our analysis, the analysis accounted for phylogenetic identity despite the potentially different traits, thus highly plastic species did not introduce an error in determination of the overall trends in interspecific interactions.
We know of no previous study investigating the effects of phylogenetic relatedness on species interactions along a stress gradient. In our study, we found that the 
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Phylodist was considered a fixed factor; neighbor and target species identities were treated as random factors influence of phylogenetic relatedness on species facilitation was positive, but the effect of the interaction between phylogenetic distance and stress was negative, which suggests that the positive effects of phylogenetically distant neighbor species on target species were not due to true facilitation, but reductions in competition when moving from low stress to high stress environments. Moreover, phylogenetic distance had a negative, but non-significant, effect on the delta stress effect score. This finding implies that the positive relationship between phylogenetic relatedness and species facilitation weakly contributed to the discrepancy of interspecific interactions between low and high stress. Therefore, interspecific facilitation is not more likely to occur between distantly related species under high stress than low stress. One explanation for this result may that the disparate traits that mediate competition between distantly related neighbor species grow less disparate under high stress relative to low stress conditions; for example, plant size tends to be smaller in high stress environments (Crain et al. 2004; He et al. 2012) . Therefore, the facilitative function of these traits towards distantly related neighboring target species likely declines from low to high stress environments.
From the results of this study, we advise coastal ecosystem managers to plant species distantly related to the target protected species when planning for protective and restorative management of coastal ecosystems. Planting distantly related species can promote growth of the protected species, following the theory of using facilitation in restoration (Halpern et al. 2007; Silliman et al. 2015; Zhang and Shao 2013) . Therefore, regardless of stress levels within the managed ecosystem, the positive effects of neighboring distantly related species on target species should be considered.
Conclusion
In summary, this study shows that plant interspecific interactions observed along stress gradients in coastal ecosystems were consistent with the SGH, whether survival or growth was used as performance indicators. Secondly, for growth, Table 6 Mixed effects model predicting the influences of stress, phylogenetic distance (Phylodist) between the neighbor and target species, and identities of neighbor and target species on the effects of species interactions on growth of target plants 0.941
Stress and Phylodist were considered a fixed factors; neighbor and target species identities were treated as random factors *p value < 0.01 Table 7 Mixed effects models predicting the influence of phylogenetic distance (Phylodist) between the neighbor and target species and identities of neighbor and target species on the delta stress effect score (i.e., the effect size under high stress − the effect size under low stress) for growth of target plants 
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Phylodist was considered a fixed factor; neighbor and target species identities were treated as random factors but not survival, the phylogenetic distance between plant species in coastal ecosystems significantly positively influenced interspecific interactions. Although phylogenetic distance did not significantly contribute to the result of supporting the SGH in coastal ecosystems, species facilitation increased with increasing phylogenetic distance, at all stress levels. Consequently, the positive relationship between phylogenetic relatedness and species facilitation can be applied to the restoration of degraded coastal ecosystems.
